Acoustic Emission (AE) technique was employed for evaluating charge/discharge damage in a lithium-ion battery. A coin-type battery of lithium cobalt oxide/carbon electrodes was used for acoustic monitoring during accelerated charge/discharge cycle test. A number of AE signals were successfully detected during charge/discharge. Microstructural observation of the electrodes after the cycle test revealed mechanical damage such as micro-cracking of the cathode and chemical damage such as solid electrolyte interphase (SEI) layer formed on the anode. The detected AE signals were classified into two distinct types (i.e., type 1 and type 2) based on the AE waveform parameters (i.e., duration and amplitude). The main frequency component of the type 1 signal with short duration and high amplitude was in the range of 121160 kHz, whereas the frequency of type 2 signals with long duration and low amplitude was between 81 and 120 kHz. Active AE source of type 1 and type 2 signal was attributed to micro-cracking in cathode and gas bubble accompanied by SEI layer formation on anode, respectively. These results demonstrate the feasibility of the AE technique for the evaluation of charge/discharge degradation of secondary battery.
Introduction
Lithium-Ion Battery (LIB) has been used as energy source of portable electronic devices and vehicle power sources. 1) A LIB consists of four main components including two electrodes (i.e., anode and cathode), liquid electrolyte, and a polymer membrane. Several degradation mechanisms have been reported during the charge/discharge process. 26) Intercalation/deintercalation of lithium ion occurs on the electrode surface, causing repeated volume changes (i.e., expansion/contraction) of the electrode material. Damages including cracking, dissolution of metal ions, structural change of the electrode material, and delamination can occur on the cathode. 24) Moreover, a Solid Electrolyte Interface (SEI) layer can be formed on the surface of anode. The accumulated micro-scale damages inside the battery could be the causes of a reduced battery life, as well as of explosions. Thus, it is important to assess the degradation behavior of a lithium-ion battery.
Analytical techniques for evaluating the damage in a lithium-ion battery were applied for the disassembled components.
26) However, it is impossible to investigate the real-time behavior of internal damage during the charge/ discharge process without external environmental exposure by disassembling the battery. Some studies reported that aging damage in electrodes could be analyzed in real-time by Raman spectroscopy, X-ray diffraction, and neutron transmission.
79) However, these approaches are limited to only specially designed cells for laboratory analysis.
Acoustic Emission is a technique for evaluating material damages by analyzing the elastic waves dynamically released from the material. Many investigators applied AE method to evaluate macro-damage such as fracture of composite materials and fatigue cracking in heavy structural components.
1018) Recently, Studies aiming to understand inner damage of a commercial battery by using in-situ AE analysis have been starting. 1015) In this work, the relationship between the observed mechanical/chemical damages and the detected AE signal during the charge/discharge cycle was focused. Based on this relationship, the feasibility of the AE technique for in-situ monitoring the mechanical/chemical degradation in a secondary battery was discussed.
Experimental Procedure
A coin-type commercial battery with a diameter of 20 mm was used for this work. Cathode and anode is made of lithium cobalt oxide (LiCoO 2 ) on aluminum foil and carbon paste on copper foil, respectively. Accelerated charge/discharge cycle test was performed at a constant current rate of 0.25 C (i.e., 9.25 mA) between voltage limits of 3.0 V and 4.5 V, up to 21 cycles.
As shown in Fig. 1 , the experimental apparatus was set to simultaneously detect the AE signal during the cycle test. The AE signals were collected via a R15 resonant type sensor (Physical Acoustic Co., USA) mounted onto the battery by using ultrasonic couplant. The collected AE signals were amplified by a preamplifier (Physical Acoustic Co., USA) set at 40 dB and the signals were processed in an acquisition device (model: PCI 2, Physical Acoustic Co., USA). After setting threshold level at 27 dB, time-domain parameters (i.e., cumulative ring-down count, amplitude, and duration) as well as frequency spectrum were extracted and analyzed as a function of charge/discharge cycle.
To analyze the degradation mechanism, the surface morphology of both electrodes tested for 0, 5, 15, and 21 cycles using identical 4 batteries were examined by scanning electron microscope (SEM). Figure 2 shows the variation in AE cumulative ring-down counts and cell voltage during five charge/discharge cycles. AE cumulative ring-down counts were observed to keep increasing at a steady rate after a sudden increase during the first charge/discharge cycle. Large number of AE signals which detected during the first cycles seems to be related to the internal damage such as SEI formation that have been reported to occur rapidly during the initial charge/discharge process. 2, 3) The total AE ring-down counts detected in the charge and discharge process during 21 total cycles were 11343 (40%) and 17097 (60%), respectively. A little bit more ring-down count was detected during discharge process than that of charge process. Figure 3 shows the SEM microstructure of the cathode aged for 0, 5, 15, and 21 cycles, respectively. No damage was observed for the as-received battery. For the 5-cycled specimen, micro-cracks appeared in LiCoO 2 powder (Fig. 3(b) ). The number density of the fractured particles was measured to roughly be 0.18/µm 2 , 0.22/µm 2 , 0.34/µm 2 , and 0.36/µm 2 after 0, 5, 15, and 21 cycles, respectively. This increasing number density of particle indicates that the cracking of powders tends to become severe with the cycle. Figure 4 shows the SEM microstructure of the anode aged for 0, 5, 15, and 21 cycles, respectively. Individual carbon powders were clearly visible on the anode of the as-received battery (Fig. 4(a) ). For the 5-cycled specimen, SEI layer was observed on the anode surface (Fig. 4(b) ). During the cycles, the anode surface was completely covered with SEI layer. Formation and increase in thickness of a SEI layer with charge/discharge cycle is frequently reported degradation Fig. 2 Evolution of AE cumulative ring-down counts and voltage during charge/discharge cycle. Fig. 1 Configuration of an AE sensor, a charge system, and a lithium-ion battery for acoustic signal detection during charge/discharge test. mechanism.
Results and Discussions

Relationship between AE activity and battery performance
3) The observed mechanical/chemical damages of micro-cracks (Fig. 3) and SEI formation (Fig. 4 ) could lead to a gradual capacity loss. Micro-cracking of the cathode material can disrupt the electron conduction to the metal current collector, resulting in capacity decay. The formation of the SEI layer can also reduce the cell capacity, because it consumes lithium ions in the electrolyte which are necessary for the charge/discharge process. Figure 5 shows a correlation between discharge capacity and AE cumulative ring-down counts. With increasing number of cycles, the discharge capacity decreased, while the cumulative ring-down counts of AE signals increased. The observed mechanical/chemical damages in the two electrodes will act as sources of acoustic emission. The increasing damages in the electrodes with cycle would result in decreasing discharge capacity as well as increasing AE cumulative ring-down counts. This relation implies that battery performance could be monitored by analyzing AE activity. Figure 6 shows an AE cross plot consisting of amplitude and duration for all the hits collected during the charge/ discharge cycles. The AE hits seem to be classified into two distinct types. The AE signals of type 1 had high amplitude and short duration characteristics, while those of type 2 showed low amplitude and long duration. As a result of the classification analysis, the number of AE signal of type 1 and type 2 was 325 hits (4.2%) and 7256 hits (95.5%) out of the total 7581 hits collected during 21 cycles, respectively. Even though the number of type 1 signal is much less than that of type 2, both types of signals could bear significant information on different damage mechanism. Figure 7 shows a typical time-domain waveform and corresponding Fast Fourier Transformed (FFT) frequency spectrum for both types of AE signals, respectively. The figure clearly highlights the difference between the timedomain waveforms of each type. The peak frequency also appears to be different between the two types of AE signals. Figure 8 is the result of spectral analysis for type 1 and type 2 signals, respectively, showing peak frequency distribution of each type of signals. The majority of peak frequency of type 1 and type 2 signals falls in the range of 121160 kHz and 81120 kHz, respectively. The peak frequency of type 1 signal seems to be little bit higher than that of type 2 signal. The AE parameters including duration, amplitude, and peak frequency corresponding to each signal type are summarized in Table 1 . AE signals characterized by short duration and high amplitude were generally reported to be emitted by sudden energy release during cracking and brittle fracture. 16 ) Based on the above knowledge, the active source mechanism of type 1 signals (Fig. 7(a) ) could be attributed to cracking of the powders observed on the cycled cathode (Fig. 2) . A wide range of amplitudes (2760 dB) of type 1 signals seem to be related with various sizes of micro-cracking considering that AE energy is generally proportional to the size of damage.
Relationship between AE parameters and mechanical/chemical damage
AE signals represented by long duration and low amplitude have been accounted for a continuously propagating damage such as friction, gas leakage, and corrosion bubble leak.
1921) In this respect, type 2 signal could be due to the SEI layer formation accompanying gas bubble generation according to the following reactions: 
As expressed in eqs. (1) and (2), the electrolyte (i.e., solution of ethylene carbonate) forms the (CH 2 OCO 2 Li) 2 or Li 2 CO 3 compounds constituting the SEI layer, through the reactions of alkyl carbonates. These chemical reactions should be accompanied by C 2 H 4 gas bubbling on the anode, which could be an active AE source during the cycle.
The peak frequencies of type 2 signals were mainly ranged in 81120 kHz, as shown in Fig. 8(b) . By considering this range is similar with that of the metal corrosion-generated H 2 bubble (i.e., 100 kHz), 24) the above-mentioned active AE source mechanism of anode can be more supported.
Cumulative ring-down counts of each type of signal are comparatively represented in Fig. 9 as a function of the cycle number. The cumulative ring-down counts of type 1 signal kept increasing with cycle number. On the other hand, the AE cumulative ring-down counts of type 2 signal increased at a slow rate, after a sudden increase during the first charge/ discharge cycle. It was reported that the formation of SEI layer accompanying gas bubble mostly occurs on the first charge/discharge process. 2, 3) The initially formed SEI layer on the anode suppresses further formation of the layer (i.e., product of lithium electrolyte reaction), and hence, slows down the growth rate of the layer. In turn, the evolution of resulting gas bubble (i.e., AE ring-down count) should slowly increase with cycle.
These evolution trends of AE signal with cycle number reflect the progressing damages. In this report, the feasibility of the AE technique for in-situ monitoring of the battery degradation was suggested.
Conclusions
In this work, an attempt was made to evaluate the extent and mechanism of degradation by detecting and analyzing AE signals generated during the charge/discharge of a lithium-ion battery. The following conclusions were drawn:
(1) A number of AE signals were successfully detected during the charge/discharge cycle. The signals were classified into type 1 and type 2 based on their timedomain characteristics of duration and amplitude. FFT analysis of the AE signals also indicated different peak frequency content between the two types. (2) The AE signals of short duration and high amplitude (i.e., type 1) were attributed to the cracking of the lithium cobalt oxide powders on the cathode, while those of long duration and low amplitude (i.e., type 2) were explained in terms of C 2 H 4 bubbling accompanied by formation of surface electrolyte interface on the anode. (3) Based on the correlation between discharge change capacity of the battery and AE cumulative ring-down counts, a feasibility of AE monitoring the damages in secondary battery was suggested.
